Simple sequence repeat (SSR) variations were investigated in the Japanese barnyard millet, Echinochloa esculenta, its wild relative, E. crus-galli var. crus-galli and the rice-mimicking weed E. crus-galli var. formosensis. E. esculenta showed less average gene diversity (H) based on observed SSR allele frequency (0.37) than either E. crus-galli var. crus-galli (0.56) or E. crus-galli var. formosensis (0.55). Accessions of the three Echinochloa taxa were categorized into 13 phenotypes from the combinations of SSR alleles. Only two phenotypes, phenotypes 1 and 4, were detected in 49 accessions of E. esculenta, whereas 12 phenotypes were observed in 94 accessions of E. crus-galli var. crus-galli, and six phenotypes in 12 accessions of E. crus-galli var. formosensis. The H′ value (Shannon's information index) for SSR phenotypes was 0.69 in E. esculenta, 1.47 in E. crus-galli var. formosensis and 1.90 in E. crus-galli var. crus-galli respectively. In cultivated barnyard millet, two phenotypes aggregated in particular areas of Japan; phenotype 4 was found in the central and northeastern part of Japan, while phenotype 1 in the northern and southern parts of Japan.
Introduction
The Japanese barnyard millet (Echinochloa esculenta (A. Braun) H. Scholz; syn. E. utilis Ohwi et Yabuno) has been an important staple cereal in many districts of Japan where the climatic and edaphic conditions are unsuitable for rice cultivation (Yabuno 1987) . Usually, this millet is cultured in upland and paddy fields. Based on cytological studies on the interspecific hybrids among the Japanese barnyard millet and its wild relatives, the hexaploid E. crus-galli (L.) Beauv. (2n = 6x = 54) was considered to be the ancestor of the barnyard millet (Yabuno 1966) . The barnyard millet is variable in flowering time, inflorescence shape, morphological features, pigmentation of spikelets and other traits of plants (Obara 1938 ).
E. crus-galli is a well-known weed and is distributed worldwide. This taxon grows in open, wet disturbed ground (e.g., roadside, irrigated land, ditches) and shows wide variations in morphological and physiological traits (Barrett 1981 , Yabuno 1966 , 1975 , Yamaguchi and Ohe 2001 .
E. crus-galli var. formosensis is grown restrictedly in rice paddy fields in Southeast Asia and Japan. In Japan, var. formosensis is distributed in the southwestern part of Honshu, Shikoku and Kyushu (Yabuno 1966 , 1975 , Nishi 2001 . Var. formosensis resembles rice in plant stature, with an elect plant habit, spikelets with convex, shiny, sterile lemma, and seeds able to germinate under flood conditions (Yabuno 1966 , 1975 , Nishi and Hirano 1989a , 1989b , Yamasue et al. 1989 . Since there is no genetic exchange between the rice plant and E. crus-galli var. formosensis, the morphological mimicry to the rice plant was considered to be attributed to selection by the hand-weeding carried out by the farmer (Barrett 1983 , Yabuno 1975 .
Although E. esculenta, E. crus-galli var. crus-galli and E. crus-galli var. formosensis show different morphological and ecological features, these three taxa have the same genomic constitution (Yabuno 1953 (Yabuno , 1966 . The genetic variation in each species or varieties must be clarified to elucidate the genetic relationship between these species or varieties in detail. This study aimed to compare the variations of the simple sequence repeat (SSR) in the Japanese barnyard millet (Echinochloa esculenta), a rice-mimicking weed taxon E. crus-galli var. formosensis, and a wild relative, E. crus-galli var. crus-galli, from different habitats in Japan, and to tackle the issue of differentiation of SSR variation between cultivated and wild Japanese barnyard millet.
Materials and Methods

Plant materials
A total of 49 E. esculenta accessions were used in this study (Table 1) Ec/89-J-04 and Ec/90-J-01. In total of 94 E. crus-galli var. crus-galli accessions and 12 E. crus-galli var. formosensis accessions were used in this study (Table 1 ). The accessions of E. crus-galli var. crus-galli accessions were collected from rice paddy fields, upland fields, fallow fields, roadsides, and wastelands from 1997 to 2003. The areas, from which the wild taxa were collected, were geographically divided into A to E by grouping adjacent prefectures (Table 1) . In 2000, E. crus-galli var. formosensis samples were collected from rice paddy fields in the area D (Okayama and Hiroshima prefectures). This taxon was distinguished from tetraploid species E. oryzicola, which shows rice mimic in plant stature and spikelet feature, hence it is similar to E. crus-galli var. formosensis (Yabuno 1975) . Since one of the SSR markers, EC1, generates hexaploid specific band, E. crus-galli var. formosensis is clearly discriminated from E. oryzicola (Nozawa et al. 2004) . Each wild accession was collected as a single plant from each population, the plants and populations were randomly sampled to cover a wide distribution area. A single mature panicle was obtained from a each plant. One leaf from a single plant from a seed in each accession was used for DNA extraction.
DNA extraction and SSR analysis
DNA was extracted from 100 mg of frozen leaf tissue according to the procedure described by Murray and Thompson (1980) and Dellaporta et al. (1983) . Three SSR loci EC1, EC3, and EC5 were selected from a total of five SSR loci designed by Danquah et al. (2002a) . These three loci exhibited polymorphism among the Japanese Echinochloa species and all of the alleles at each locus have been sequenced by Nozawa et al. (2004) . PCR amplification was performed in a 20 µl reaction mixture that contained approximately 20 ng of the template DNA and 1 µM of the following primers: EC1 (F: 5′-ATTACTGGTCAGACGGAAAC-3′, R: 5′-GCAGTTATCTCCGTGGGCAC-3′), EC3 (F: 5′-GAAAGGAAATGGGTTGGCTG-3′, R: 5′-CTTCGCACC ATGATCTTCTC-3′), and EC5 (F: 5′-CAGAGCCTTCAAT CATGGTG-3′, R: 5′-TGCTTCAAGTTCTAGGAGAC-3′). TAKARA Taq DNA polymerase and the other reagents provided in the kit (Takara Bio, Japan) were also added to the PCR reaction mixture in accordance with the manufacturer's instructions. The PCR reaction was performed with a DNA thermal cycler (model PJ2000; Perkin-Elmer) for 35 cycles (at 94°C for 1 min, 54°C for 1 min, and 72°C for 2 min) followed by 1 cycle (at 94°C for 1 min, 54°C for 1 min, and 72°C for 10 min). The amplified DNA fragments were electrophoresed on a 12% polyacrylamide gel. The DNA fragments were stained using a 0.5 µg/ml ethidium bromide solution and visualized under UV light.
The genetic basis of the phenotypes was assessed from the combination of alleles, as listed in Table 2 . Shannon's index (H′) was calculated to evaluate the phenotype diversity of each taxon and is given by the following formula:
where p i is the frequency of i-th phenotype.
Allele frequency at each locus was estimated from the frequency of phenotypes by assuming complete homozygosity and equal frequencies at three homeologous loci. Based on the allele frequencies, the gene diversity h and average gene diversity H (Nei 1973) were calculated by the following formula:
where x i is the allele frequency of each locus, and r is the number of loci.
Results and Discussion
As shown in Table 2 , 2 alleles were observed at the EC1 locus and 3 each at the EC3 and EC5 loci. All alleles showed a variation in repeat number of the SSR motifs as revealed by Nozawa et al. (2004) . Danquah et al. (2002b) detected 3 alleles at the EC1 locus, 4 at the EC3 locus, and 6 at the EC5 locus from a total of 24 samples of E. crus-galli (6×), E. colona (6×) which has a genome different from that of Japanese hexaploid species, and E. crus-pavonis in Bangladesh, Philippines, India, Costa Rica, Colombia, and the Ivory Coast. The small number of alleles found in this study as compared with that by Danquah et al. (2002b) was due to the sampling from geographically narrow areas in this study and genomic similarity among the Japanese hexaploid Echinochloa analyzed. Except for 2 accessions, only one allele was observed at the EC1 locus in each of the 155 accessions in this study. The two alleles observed at the EC1 locus are unique to E. crus-galli and E. esculenta and were not observed in the tetraploid species E. oryzicola from Japan (Nozawa et al. 2004) . A part of the genome of E. crus-galli was identical to that of E. oryzicola (Yabuno 1966) . Therefore, we considered that these alleles at the EC1 locus are located on the diploid genome that is specific to the hexaploid species, not on the tetraploid genome homeotic to E. oryzicola.
The two E. crus-galli var. crus-galli accessions that have the two alleles at the EC1 locus were considered to be heterozygotes. The observed number of heterozygotes in 94 accessions of E. crus-galli var. crus-galli was small and there are no heterozygotes in E. crus-galli var. formosensis. These results show that E. crus-galli var. crus-galli and E. crus-galli var. formosensis in Japan show autogamous reproduction. At the EC3 and EC5 loci, there are 3 homeologous loci in the allohexaploid taxa, and the genotype at each locus could not be determined from the SSR patterns. Hence, the genetic bases of the phenotypes were assessed by using a combination of SSR alleles as shown in Table 2 . Allele 3 at the EC5 locus was observed in all the accessions analyzed.
We could determine 15 SSR phenotypes in the combination of the alleles observed (Table 2) . We numbered the phenotypes, 1 to 13, except for the combinations of heterozygotes. Table 3 shows the frequency of 13 phenotypes and the H′ value for each species. A total of 12 phenotypes were detected in the 94 E. crus-galli var. crus-galli accessions. The H′ values are 0.69 for E. esculenta, 1.90 for E. crus-galli var. crus-galli, and 1.47 for E. crus-galli var. formosensis. In the 49 accessions of E. esculenta, only two phenotypes, 1 and 4 were detected. A total of 6 phenotypes were detected in the 12 E. crus-galli var. formosensis accessions. All these phenotypes, except phenotype 12, were identical to those of E. crus-galli var. crus-galli. The frequency of SSR phenotypes is geographically variable in E. crus-galli var. crus-galli (Table 3) . Phenotypes 1, 4 and 8 were frequently observed and varied in frequency among the areas.
In E. esculenta and E. crus-galli var. crus-galli accessions, the frequencies of particular phenotypes were high, and the observed frequency distribution of each phenotype
differed from that expected from the random combination of each allele. In E. crus-galli var. crus-galli and E. crus-galli var. formosensis, there are 2 allelic combinations at the EC1 locus, and 7 combinations at the EC3 and EC5 loci. Therefore, 98 combinations are expected from the number of allelic combinations at each locus. In E. esculenta, there are 7 combinations at the EC3 and 3 combinations each at the EC5 locus, hence 21 combinations are expected from the number of allelic combinations at each locus. However, only 13, 6 and 2 phenotypes were detected in E. crus-galli var. crusgalli, in E. crus-galli var. formosensis, and in E. esculenta, respectively. The expected frequencies of the phenotypes were calculated from the combination of the frequencies of 3 homozygotes at the homeologous loci. The observed frequencies of phenotypes of E. esculenta and E. crus-galli var. crus-galli were different from the expected frequencies with regard to the allele frequency (χ 2 -test, P < 0.0001). In contrast, the observed frequencies of the phenotypes of E. crusgalli var. formosensis did not differ from the expected frequencies (χ 2 -test, P = 0.14). Table 4 shows the relative frequency of each allele, the gene diversity (h) at each locus, and the average gene diversity (H). The allele frequency at each locus varied between the three taxa. E. esculenta was monomorphic at the EC1 and EC5 loci. The H value was 0.37 for E. esculenta, 0.55 for E. crus-galli var. crus-galli, and 0.56 for E. crus-galli var. formosensis. The H value of E. esculenta was smaller than that of E. crus-galli var. crus-galli and E. crus-galli var. formosensis. The allele frequencies varied among the collected areas in E. crus-galli var. crus-galli. Area E was monomorphic at the EC1 locus and the H value was smaller in this area E (H = 0.42) than in other areas.
Both the H′ and H values of E. esculenta were smaller than those of the two wild taxa (Table 3 and Table 4 ). The lower values are probably due to the small numbers of alleles at the EC1 and EC5 loci, and appearance of only two phenotypes 1 and 4 in E. esculenta. In E. crus-galli var. crus-galli, the H′ value varied with the area of collection. The H′ value in the area A was smaller than that in other areas, because the observed number of phenotypes was small. The H values also varied among the area of collection. However, in the case of gene diversity, the H value in area E was smaller than that in other areas, because of the absence of allele 2 at the EC1 locus. The H′ value of E. crus-galli var. formosensis was smaller than that of E. crus-galli var. crus-galli, while there was little difference in the H value between these two taxa. A high frequency of a particular phenotype 2 in E. crus-galli var. formosensis led to those values. ( A C ) 4 93 1) Names and sequences of each allele were determined by Nozawa et al. (2004) . 2) Circles indicate the presence of an allele.
3) "hetero 1" indicates the heterozygotes shared by phenotype which has the allele 1 and the allele 2 at the EC1 locus. 4) "hetero 2" indicates the heterozygotes shared by phenotype 4 and 10. The reason for the high frequency of phenotype 2 might be selection under rice-cultivation. E. esculenta has suitable traits for cultivation, such as low seed shattering, lack of seed dormancy, thick culms, wide leaves and round spikelets (Yabuno 1975) . In Japanese rice paddy fields, since E. crus-galli var. formosensis and E. oryzicola (tetraploid species) resemble rice plants in plant architecture or plant stature, they escape from the farmer's hand-weeding (Ehara and Abe 1950, Yabuno 1966) . The difference of the H′ and H values between E. esculenta and E. crus-galli var. formosensis might be affected by the selection through two kinds of human activities, cultivation and hand-weeding.
Many E. esculenta varieties in Japan show high diversity in morphological and physiological characters; flowering time, inflorescence shape, morphological feature and pigmentation of spikelet, plant type, etc. (Obara 1938) . However, isozyme pattern is monomorphic among Japanese cultivated taxa of E. esculenta (Nakayama et al. 1999) . The SSR variation in E. esculenta is small and is limited to only 2 phenotypes. The geographic distribution of the two E. esculenta phenotypes is shown in Figure 1 . Seven accessions collected from the central region of Japan (Nagano, Shizuoka, and Ishikawa prefectures) were biased to the phenotype 4 (χ 2 -test, P = 0.016). All 6 accessions collected from the southern region of Japan (Kumamoto and Miyazaki prefectures) were biased to phenotype 1 (χ 2 -test, P = 0.021). Both phenotypes 1 and 4 were observed in the accessions collected from Iwate and Kochi prefectures. At present, the reason for this biased distribution of phenotypes is not clear. Furthermore, there was SSR variation with the area in E. crus-galli var. crus-galli, but the cause of the geographical variation is not clear. A more detailed study using SSR markers, may provide clues to our understanding of local differentiation of landraces of Japanese barnyard millet. 
